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A B S T R A C T   
Archaeological materials are a finite resource, and efforts should be made to minimize destructive analyses. This 
can be achieved by using protocols combining extraction of several types of biomolecules or microparticles, 
which decreases the material needed for analyses while maximizing the information yield. Archaeological dental 
calculus is a source of several different types of biomolecules, as well as microfossils, and can tell us about the 
human host, microbiome, diet, and even occupational activities. Here, we present a unified protocol allowing for 
simultaneous extraction of DNA and proteins from a single sample of archaeological dental calculus. We evaluate 
the protocol on dental calculus from six individuals from a range of time periods and estimated preservation 
states, and compare it against previously published DNA-only and protein-only protocols. We find that most 
aspects of downstream analyses are unaltered by the unified protocol, although minor shifts in the recovered 
proteome can be detected, such as a slight loss of hydrophilic proteins. Total protein recovery depends on both 
the amount of starting material and choice of extraction protocol, whereas total DNA recovery is significantly 
reduced using the unified protocol (mean 43%). Nevertheless, total DNA recovery from dental calculus is 
generally very high, and we found no differences in DNA fragment characteristics or taxonomic profile between 
the protocols. In conclusion, the unified protocol allows for simultaneous extraction of two complementary lines 
of biomolecular evidence from archaeological dental calculus without compromising downstream results, 
thereby minimizing the need for destructive analysis of this finite resource.   
1. Introduction 
Biomolecular analysis is becoming increasingly feasible in archae-
ology as methods improve and costs decrease. However, archaeological 
materials are a finite resource, and there is a need to develop techniques 
that reduce the extent of destructive sampling, while concurrently 
maximizing the amount of information that can be obtained (Green and 
Speller, 2017). So-called non-destructive methods for extracting DNA 
(Bolnick et al., 2012; Rohland et al., 2004) and proteins (Fiddyment 
et al., 2015; Manfredi et al., 2017; van Doorn et al., 2011) from ancient 
materials have been developed, but many of these techniques are limited 
by downstream challenges, including lower or biased biomolecule re-
covery, higher rates of contamination, and a higher burden of sample 
degradation. Depending on the research question and the sample type, 
such techniques may not be suitable. Alternatively, it is possible to 
modify existing destructive methods to either simultaneously or 
sequentially extract multiple classes of biomolecules (e.g., DNA, pro-
teins, lipids, metabolites) from the same specimen, thereby taking 
advantage of the effectiveness of destructive methods while improving 
efficiency and minimizing waste. Such an approach has previously been 
applied with success to combining methods for genetic analysis and 
radiocarbon dating of skeletal remains (Korlevi�c et al., 2018) and to 
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combining lipid analysis and radiocarbon dating (Berstan et al., 2008; 
Casanova et al., 2018). 
Developing a unified protocol to recover multiple classes of bio-
molecules also presents several research advantages. Less material is 
required for analysis, which reduces sampling demands and mitigates 
variability that can arise from heterogeneous substrates. In addition, 
different classes of biomolecules can provide distinct but complemen-
tary lines of analysis, thereby strengthening the results of a study. For 
example, two studies of ancient dental calculus (Velsko et al., 2019; 
Warinner et al., 2014b) identified both DNA and proteins from the 
periodontal pathogen Porphyromonas gingivalis, thereby providing strong 
evidence of both its presence and activity. For highly degraded samples, 
targeting multiple classes of biomolecules also improves the chances of 
retrieving at least one successfully (Chen et al., 2019). DNA and proteins 
are known to have considerably differing maximum ages of survival, 
with proteins surviving for millions of years (Demarchi et al., 2016), 
whereas the oldest successfully recovered DNA, even from permafrost, is 
less than a million years old (Orlando et al., 2013). However, regardless 
of age, it can be difficult to accurately predict the analytical success of a 
given sample in advance, as the preservation of individual specimens 
can be highly dependent on local environmental factors. 
One archaeological substrate for which a unified extraction protocol 
would be particularly useful is dental calculus. Archaeological dental 
calculus is a rich source of ancient biomolecules (e.g., DNA, proteins, 
metabolites) and microremains (e.g., plant microfossils, environmental 
debris) that originate from the host, microbes, food, and the environ-
ment (Radini et al., 2017; Velsko and Warinner, 2017). Forming through 
periodic calcification of dental plaque, dental calculus entraps and 
preserves such debris throughout an individual’s lifetime, and it can 
persist over very long periods of time due to its densely mineralized 
nature. From a single sample of calculus, it is possible to gain informa-
tion about the individual’s genome (Ozga et al., 2016; Ziesemer et al., 
2019), oral microbiome and health (Velsko et al., 2019, 2017; Warinner, 
2016; Warinner et al., 2014b), diet (Hendy et al., 2018; Jeong et al., 
2018; Warinner et al., 2014a), and even occupational activities (Radini 
et al., 2019). Nevertheless, the amount of dental calculus available per 
individual is typically low (on the order of tens of milligrams), which 
limits the number of biomolecule extractions, and therefore analyses, 
that can be performed. 
Efficient protocols have been developed to isolate different types of 
biomolecules and microremains from ancient dental calculus, including 
DNA and proteins (Jeong et al., 2018; Mann et al., 2018), as well as 
phytoliths and starch granules (Henry and Piperno, 2008; Tromp et al., 
2017). Currently, however, many of these protocols are incompatible. 
For example, calculus decalcification using HCl (for microfossil extrac-
tion) is incompatible with DNA analysis; strong heat denaturation (for 
protein extraction) is incompatible with DNA and starch granule anal-
ysis; use of proteinase K (for DNA extraction) is incompatible with 
protein analysis. DNA and protein extraction protocols are the most 
difficult to combine, as they typically involve multiple incompatible 
steps. Previous attempts have been made to modify and combine DNA 
and protein extraction protocols for archaeological teeth (Rusu et al., 
2019) and dental calculus (Mackie et al., 2017); however, in each case 
the performance and efficiency of the combined protocol was not 
compared to similar, non-combined protocols. As such, the efficiency 
and potential biases of the combined protocols could not be systemati-
cally evaluated. 
Here we present a unified protocol (UP) for the simultaneous 
extraction of DNA and proteins from archaeological dental calculus. This 
protocol is based on prior observations from genomic and proteomic 
experiments that, following decalcification, most DNA is recovered from 
the supernatant rather than the cell pellet, while most protein is 
recovered from the cell pellet rather than the supernatant. We evaluate 
the performance of the UP on a panel of dental calculus specimens 
originating from archaeological sites of different antiquities and esti-
mated preservation states, and we apply the protocol to both high (10 
mg) and low (2 mg) starting amounts of dental calculus. We then 
compare these results to those obtained using DNA-only (DO) and 
protein-only (PO) protocols in order to assess the efficiency of the UP 
and identify potential biases. We evaluate the UP on the basis of total 
DNA and protein recovery, DNA fragment length, DNA GC-content, 
amino acid properties, protein hydropathy and molecular weight, 
reconstructed microbiome, proteome composition, and contamination 
burden. Overall, we find that the UP introduces relatively few biases and 
is a more efficient use of starting material than performing separate DO 
and PO extractions. Only DNA recovery is strongly impacted, with the 
UP resulting in a 43% lower DNA yield on average compared to the DO 
protocol, which we propose is due to the absence of proteinase K during 
the initial separation of DNA following decalcification. Nevertheless, 
given that ancient dental calculus typically contains high amounts of 
DNA in excess of metagenomic sequencing requirements (Mann et al., 
2018), this reduction in DNA recovery is unlikely to limit downstream 
investigations in most cases. 
2. Methods 
2.1. Sample material 
Dental calculus samples were obtained from four archaeological sites 
representing different time periods and estimated preservation states 
(Table 1). Calculus samples from Driffield Terrace and Wighill had been 
previously analyzed and shown to have good protein preservation 
(Hendy et al., 2018; Mackie et al., 2017; Warinner et al., 2014a), while 
calculus samples from Rupert’s Valley had been previously shown to 
have poor DNA preservation and a high contamination burden from 
environmental bacteria (Ziesemer et al., 2015). Calculus from San 
Martín de Dulantzi had not been previously analyzed using molecular 
techniques. In total, dental calculus from six individuals was analyzed in 
this study: one individual each from Driffield Terrace, Wighill and 
Rupert’s Valley, and three individuals from San Martín de Dulantzi. 
2.2. Laboratory procedures 
All DNA and protein extractions were performed in dedicated 
Table 1 
Dental calculus samples analyzed in this study.  
Sample ID Archaeological ID Site Age Preservation 
Yorkshire, England 
DRT001 3DT21 Driffield Terrace 44-410 CE Good 
WIG001 WG1561 Wighill 1000–1550 CE Good 
Basque Country, Spain 
SMD017 SMD 1441-1-1440(044) San Martín de Dulantzi 700–950 CE Unknown 
SMD046 SMD 2591-1-2590(159) San Martín de Dulantzi 700–950 CE Unknown 
SMD051 SMD 2711-1-2710(171) San Martín de Dulantzi 700–1150 CE Unknown 
St. Helena, South Atlantic Ocean 
RUV001 SK203 Rupert’s Valley 1840–1872 CE Poor  
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archaeogenetic and palaeoproteomic facilities at the Max Planck Insti-
tute for the Science of Human History (Jena, Germany). DNA-only (DO) 
and protein-only (PO) extractions were performed alongside the unified 
(UP) extractions, and sample batches were randomized to avoid batch 
effects. For all extractions, two sample starting weights were used, 2 mg 
and 10 mg, in order to investigate the efficiency of the protocols on 
different amounts of starting material. Extractions for each sample, 
protocol, and starting weight were performed in triplicate (Fig. 1), 
resulting in a total of 72 DNA extracts and 72 protein extracts. 
2.2.1. Sample collection and preparation 
Dental calculus was collected from archaeological teeth using a 
sterile dental scaler and UV irradiated for 2 min to reduce potential 
surface contamination. Calculus from each individual was homogenized 
for 5 s at 20 Hz in an oscillating mill (MM200, Retsch) using 15 mm 
zirconium oxide beads. The resulting powder was subsampled for use in 
all subsequent extractions. Only nitrile gloves were used during sample 
processing, as latex gloves may introduce latex proteins into the 
samples. 
2.2.2. DNA-only (DO) protocol 
DNA extraction was performed following Dabney et al. (2013), with 
modifications adapted for dental calculus (Mann et al., 2018). Briefly, 
the powdered dental calculus was washed with 1 ml of 0.5 M EDTA to 
remove surface contaminants, and the supernatant was removed 
without incubation. The remaining dental calculus was decalcified in 1 
ml of 0.5 M EDTA on a rotator at room temperature for 24 h, after which 
50 μl of 10 mg/ml proteinase K (Sigma-Aldrich) was added. The samples 
were further decalcified for 48 h by rotation at room temperature (total 
decalcification time 72 h), followed by centrifugation at 18400 rcf for 1 
min to pellet cell debris. The complete supernatant was then removed 
and mixed with 10 ml binding buffer (5 M guanidine hydrochloride, 
0.12 M sodium acetate and 40% isopropanol). DNA purification was 
performed using the High Pure Viral Nucleic Acid kit (Roche Life 
Science) following the manufacturer’s instructions. DNA was eluted 
from the column in two rounds of 50 μl of Qiagen EB buffer, to which 
Tween 20 had been added to a final concentration of 0.05%. DNA 
quantification was performed on 1 μl of the eluate with a Qubit HS assay 
(Thermo Fisher Scientific). DNA extractions were performed in batches 
of 3–12 samples, and one extraction blank was included per batch. 
2.2.3. Protein-only (PO) protocol 
Protein extraction and digestion was performed using a filter-aided 
sample preparation (FASP) protocol (Wi�sniewski et al., 2009) modi-
fied for ancient dental calculus (Jeong et al., 2018). Briefly, the 
powdered dental calculus was decontaminated as described in section 
2.2.2., and then decalcified in 1 ml of 0.5 M EDTA on a rotator at room 
temperature for 72 h. After decalcification, the samples were centri-
fuged at 18400 rcf for 1 min to pellet cellular material, and 200 μl of 
supernatant was transferred to a 30 kDa Microcon filter unit (Merck) 
containing 50 μl of 8 M urea. The mixture was centrifuged through the 
filter at 14000 rcf for 10 min. This procedure was repeated until all 
supernatant had been passed through the filter. The pellet was resus-
pended in 30 μl of lysis buffer (containing 4% w/v sodium dodecyl 
sulfate, 100 mM Tris hydrochloride and 0.1 M dithiothreitol) and 
incubated at 95 �C for 5 min, followed by centrifugation at 14000 rcf for 
1 min to pellet cell debris. The supernatant was then mixed with 200 μl 
of 8 M urea, transferred to the corresponding Microcon filter unit used in 
the previous step, and centrifuged at 14000 rcf for 20 min. The filter was 
washed with 200 μl of 8 M urea in an additional centrifugation step. On 
the filter, proteins were alkylated by adding 100 μl of 0.5 M iodoace-
tamide solution and incubating for 5 min at room temperature in the 
dark. The filter units were then centrifuged at 14000 rcf for 12 min, and 
washed twice with 100 μl of 8 M urea and twice with 100 μl of 0.5 M 
NaCl. The proteins were digested overnight at 37 �C on the filter in a 
digestion buffer consisting of 117 μl of 0.05 M triethylammoniumbi-
carbonate and 3 μl of 0.4 μg/μl porcine trypsin (Pierce Trypsin Protease 
MS Grade, Thermo Fisher Scientific). Digested peptides were recovered 
from the filter by centrifugation at 14000 rcf, and acidified by adding 
5% trifluoroacetic acid (TFA) to get a final concentration of 0.5% TFA. 
The acidified peptides were desalted using StageTips (C18 tips, Thermo 
Fisher Scientific) following the manufacturer’s instructions, and dried to 
completion in a vacuum centrifuge (Martin Christ RVC 2-18). Protein 
quantification was performed by rehydrating the peptides in 20 μl of 3% 
acetonitrile/0.1% TFA and measuring the absorbance at 215 nm with a 
spectrophotometer (DeNovix DS-11 FXþ). Afterwards, the samples were 
dried to completion in a vacuum centrifuge and stored at  80 �C until 
further analysis. Protein extraction and digestion was performed in 
batches of 12–24 samples, and one extraction blank was included per 
batch. 
2.2.4. Unified protocol (UP) 
Powdered dental calculus samples were decontaminated as 
described in section 2.2.2., and then decalcified in 1 ml of 0.5 M EDTA 
on a rotator at room temperature for 72 h. After decalcification, the 
samples were centrifuged at 18400 rcf for 1 min to pellet cellular ma-
terial, and 900 μl of supernatant was transferred into a new tube con-
taining 50 μl of 10 mg/ml proteinase K (Sigma-Aldrich) and incubated 
overnight at room temperature. To this, 10 ml binding buffer (5 M 
guanidine hydrochloride, 0.12 M sodium acetate and 40% isopropanol) 
was added, and DNA was purified and quantified using the method 
described in section 2.2.2. Proteins were extracted, digested and quan-
tified from the remaining 100 μl supernatant and cell debris pellet using 
the modified FASP protocol as described in section 2.2.3. Unified ex-
tractions were performed in batches of 11–13 samples, and one extrac-
tion blank was included per batch. 
2.2.5. DNA sequencing 
One randomly selected DNA extract per individual per protocol 
(DO2, DO10, UP2 and UP10; 24 in total), as well as blanks from 
Fig. 1. Flowchart of extraction protocols and experiments. Amount of starting 
material is in milligrams. The asterisk denotes addition of proteinase K and ‘SN’ 
indicates supernatant. 
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extractions and library preparations (9 in total), were treated with 
partial uracil-DNA glycosylase treatment (Rohland et al., 2015) and 
prepared into double-stranded DNA libraries with dual indexing 
following published protocols (Kircher et al., 2012; Meyer and Kircher, 
2010) using 20–25 μl extract each. The libraries were normalized and 
pooled in equimolar amounts and sequenced on an Illumina NextSeq 
with 75-bp paired-end chemistry to a depth of approximately 10 million 
reads for calculus samples and 2 million reads for blanks. 
2.2.6. LC-MS/MS 
Liquid chromatography tandem mass spectrometry (LC-MS/MS) was 
performed on one randomly selected protein digest per individual per 
protocol (PO2, PO10, UP2 and UP10; 24 in total), as well as extraction 
blanks (3 in total), at the Functional Genomics Centre Zürich (University 
of Zürich, Switzerland). The samples were analyzed on a Q-Exactive HF 
mass spectrometer (Thermo Fisher Scientific) coupled to an ACQUITY 
UPLC M-Class system (Waters AG), following the procedures and pa-
rameters described in Jeong et al. (2018). 
2.3. Analysis workflow 
Statistical analysis was performed in R v. 3.6.1 (R Core Team, 2018). 
Differences between protocols were tested with pairwise Wilcoxon tests 
and corrected for multiple testing using the Benjamini-Hochberg 
method (hereafter called pW-BH), unless otherwise noted. General 
R-packages used for data manipulation and creating graphical figures 
were tidyverse v. 1.2.1 (Wickham, 2017), janitor v. 1.2.0 (Firke, 2018), 
ggpubr v. 0.2.3 (Kassambara, 2018), gtools v. 3.8.1 (Warnes et al., 
2018), ggsignif v. 0.6.0 (Ahlmann-Eltze, 2019), cowplot v. 1.1.0 (Wilke, 
2017), rcartocolor v. 2.0.0 (Nowosad, 2018) and fuzzyjoin v. 0.1.4 
(Robinson, 2018). Individual RUV001 was excluded from all statistical 
tests after it was found to exhibit a non-typical DNA and protein 
composition for calculus (indicating very poor preservation), however, 
results for this individual are shown in figures. R Markdown files for all 
analyses are available on GitHub (https://github.com/ZandraFagerna 
s/unified_protocol). 
2.3.1. Genetic analysis 
2.3.1.1. DNA recovery. DNA yield was normalized by starting weight of 
dental calculus. The values were log-transformed, and linear mixed- 
effect models with the individual as the random effect were fitted to 
find the model that best predicts DNA recovery. All mixed effects models 
were fit using the R-package lme4 v. 1.1.21 (Bates et al., 2015), model 
selection tests via ANOVA were performed using the R-package lmerTest 
v. 3.1.0 (Kuznetsova et al., 2017) and Box-Cox transformations were 
identified using the R-package MASS (Venables and Ripley, 2002). 
2.3.1.2. Data preprocessing. EAGER v.1.92.55 (Peltzer et al., 2016) was 
used to process the raw DNA reads and align sequences to the human 
reference genome (HG19). In this pipeline, adapter removal and read 
merging were performed by AdapterRemoval v. 2.2.0 (Schubert et al., 
2016). On average, 87.3 � 7.8% (mean � standard deviation) of calculus 
reads and 36.8 � 23.6% of blank reads merged. BWA v. 0.7.12 (Li and 
Durbin, 2009) was used for human genome alignment with default 
settings (-l 32, -n 0.01) without quality filtering. Unmapped reads were 
extracted with SAMtools v. 1.3 (Li et al., 2009) for downstream pro-
cessing, and duplicates removed using DeDup v. 0.12.2 (Peltzer et al., 
2016). Non-human reads were aligned to the NCBI nucleotide database 
(as of April 2016) using MALT v. 0.3.8 (Herbig et al., 2016) to assign 
taxonomy (settings –minPercentIdentity 85.0, –topPercent 1.0, –min-
SupportPercent 0.01). MEGAN v. 6.11.1 (Huson et al., 2016) was used to 
export genus- and species-level OTU-tables with summarized read 
counts from the MALT results. 
2.3.1.3. Fragment characteristics. For calculations of GC-content and 
fragment length, adapter-trimmed, merged reads were aligned to Acti-
nomyces oris strain T14V (NCBI assembly accession ASM155393v1) and 
Leptotrichia buccalis strain DSM 1135 (NCBI assembly accession 
ASM2390v1) using the EAGER pipeline described above, with the 
exception of mapping quality being set to 37. These oral bacterial spe-
cies were chosen due to their high abundance in the samples, as well as 
their differential median GC-content (A. oris 68.3%, L. buccalis 29.6%). 
2.3.1.4. Microbiome reconstruction. The R-package decontam v. 1.1.2 
(Davis et al., 2018) was used to identify putative contaminants from 
genus- and species-level OTU tables. The prevalence method was used 
(with default threshold ¼ 0.1) to identify OTUs with a higher prevalence 
in blanks than in samples, thereby likely being contaminants. A 
species-level OTU-table, with putative contaminants removed, was used 
to investigate the taxonomic profiles of the samples. The 20 most 
abundant species across all samples were calculated excluding individ-
ual RUV001, and the abundance of these species was compared across 
extraction protocols. The body site these species are associated with was 
extracted from the expanded Human Oral Microbiome Database 
(eHOMD; Escapa et al., 2018). A principal component analysis was 
conducted on a genus-level OTU-table, after multiplicative zero 
replacement using the R-package zCompositions v. 1.3.2.1 (Palar-
ea-Albaladejo and Martín-Fern�andez, 2015) and CLR-transformation 
(Gloor et al., 2017). The two loadings with highest contribution to the 
separation along each PC in both the negative and positive directions 
were extracted and added to the PCA plots. A PERMANOVA (Anderson, 
2001) was performed on the dataset without RUV001 using the ‘adonis’ 
function (on Euclidean distances with 999 permutations) from the 
R-package vegan v. 2.5–6 (Oksanen et al., 2019), in order to assess 
drivers of variation in microbiome composition. 
2.3.1.5. Contamination. The species that were identified as putative 
contaminants (described in section 2.3.1.4) were further analyzed to 
evaluate if the proportion and composition of contaminants differed 
between extraction protocols. 
2.3.2. Proteomic analysis 
2.3.2.1. Protein recovery. Protein yield was normalized by starting 
weight of dental calculus. The values were log-transformed, and linear 
mixed-effect models were fitted in order to find the model that best 
predicts protein recovery, as described in section 2.3.1.1 . 
2.3.2.2. Data preprocessing. MSConvert v. 3.0.11781 (ProteoWizard) 
was used to transform raw data files (.raw) to Mascot generic files (. 
mgf), using the 100 most intense peaks. The resulting files were searched 
using Mascot v. 2.6.0 (Matrix Science) against the Swiss-Prot database 
(as of January 2018) plus reversed decoys (in total 1.1 million entries). 
Fragment ion mass tolerance was set to 0.01 Da and parent ion tolerance 
to 10.0 ppm. Carbamidomethylation C was set as a fixed modification, 
and deamidation (N and Q) and oxidation (M and P) as variable modi-
fications (Hendy et al., 2018; Jeong et al., 2018). Using Scaffold v. 4.8.9 
(Proteome Software Inc.), the results were filtered to a 1% peptide false 
discovery rate (FDR), a 5% protein FDR, and a minimum support of two 
peptides. Decoy hits and common laboratory contaminants (collagen, 
keratin and serum albumin) were removed before subsequent analyses. 
The resulting dataset was exported from Scaffold at the levels of pep-
tides, proteins, and protein clusters, to be used in downstream analyses. 
2.3.2.3. Protein characteristics. Hydropathy values (a measure of hy-
drophobicity) were calculated for recovered proteins using the web 
application GRAVY Calculator (www.gravy-calculator.de/). Molecular 
weights of all identified proteins were obtained from the protein report 
file exported from Scaffold. Physicochemical properties of amino acids 
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were calculated using the R-package Peptides v. 2.4 (Osorio, 2015) from 
all unique identified peptides. 
2.3.2.4. Proteome reconstruction. Scaffold was used to annotate protein 
clusters with gene ontology (GO) terms from NCBI (as of May 2019). 
Protein clusters were selected because this groups proteins by homology 
and functional similarity, thereby mitigating some of the uncertainty 
introduced by assigning proteins to species. The GO terms for cellular 
location were classified into three groups: 1) intracellular and organelle, 
2) membranes, and 3) extracellular. Protein clusters with GO terms for 
more than one of these groups were classified as: 4) Various; clusters 
without GO terms for cellular location available were classified as: 5) 
Unknown. The top 20 most abundant protein clusters were calculated 
excluding RUV001. A table of the percentage of total spectra belonging 
to each protein cluster per individual was used as input for a PCA. Only 
protein clusters present in at least two of the samples were included, and 
the data was log2-transformed after pseudocount zero replacement 
(þ1). The two loadings with highest contribution to separation along 
each PC in positive and negative directions were added to the PCA plots. 
Drivers of variation were assessed by performing a PERMANOVA 
(Anderson, 2001) using the ‘adonis’ function (on Euclidean distances 
with 999 permutations) from the R-package vegan v. 2.5–6, (Oksanen 
et al., 2019). 
2.3.2.5. Contamination. Protein extraction blanks contained only four 
proteins in total: trypsin (TRYP_PIG), serum albumin (ALBU_BOVIN), 
collagen alpha-1 (I) chain (CO1A1), and collagen alpha-2 (I) chain 
(CO1A2). Porcine trypsin is a laboratory reagent used during protein 
digestion, but was not identified in any of the calculus samples. Bovine 
serum albumin is a common laboratory contaminant (www.thegpm. 
org/crap/), and therefore serum albumin was classified as a contami-
nant regardless of assigned species, although some of it is likely 
endogenous. While some collagen recovered from dental calculus is also 
likely endogenous (released from the gingiva and periodontium bone 
during inflammation), its frequent recovery from extraction blanks led 
us to classifying it as a contaminant for the purposes of this study. 
Keratins, although not identified in our blanks, are common laboratory 
contaminants (www.thegpm.org/crap/) and were classified as contam-
inants. The proportion of spectra in the calculus samples belonging to 
these proteins was compared across extraction protocols. 
3. Results 
3.1. Genetic analysis 
3.1.1. DNA recovery 
To investigate how the DO and UP protocols differ in performance for 
DNA extraction, we compared normalized DNA yield for both protocols 
(Data S1). Only choice of extraction method, not starting material mass, 
was found to be a significant predictor of DNA recovery, with UP having 
lower DNA recovery (p < 0.001). On average, DO10 yielded 1.8 � 0.2 
(mean � standard deviation) fold more DNA per mg calculus than UP10, 
and DO2 yielded 1.7 � 0.6 fold more than UP2 (Fig. 2). The largest 
decrease in yield was seen in WIG001, the sample with best estimated 
preservation. The poorly preserved individual RUV001 showed the 
opposite trend, with UP10 yielding 1.2 fold more DNA than DO10, and 
UP2 yielding 1.4 fold more DNA than DO2. However, RUV001 had very 
low DNA recovery overall, and the absolute difference in DNA recovery 
between the protocols was negligible (only 0.7 ng/mg on average). 
3.1.2. DNA fragment characteristics 
Given that there are differences in DNA recovery based on protocol, 
we next tested whether there are differences in the characteristics of the 
DNA fragments recovered by each protocol. Previous studies have 
shown that DNA extracted from ancient dental calculus may yield biases 
in microbial taxonomic profiles due to selective loss of short, AT-rich 
sequences (Mann et al., 2018). We calculated the mean fragment 
length and GC-content per sequence library from alignments to Actino-
myces oris and Leptotrichia buccalis (Fig. 3). The only significant shifts 
observed for GC-content and fragment length were found in A. oris, 
where GC-content is significantly different between DO2 and DO10, as 
well as between UP2 and DO10 (pW-BH, p < 0.05 in both cases). In 
addition, a considerable shift in median fragment length can be seen 
among reads from our selected bacterial species, where L. buccalis shows 
median fragment lengths of 43–51 bp, whereas A. oris has median 
fragment lengths of 46–75 bp (with RUV001 excluded). The average 
GC-content of L. buccalis reads, 31.5%–34.4%, is also higher than the 
genome average of 29.6% (dashed grey line in Fig. 3A), which all agrees 
with the previously-reported loss of short, AT-rich sequences (Mann 
et al., 2018). 
3.1.3. Microbiome reconstruction 
Ancient dental calculus has been found to be dominated by oral 
Fig. 2. DNA yield differs significantly by extraction protocol but not starting mass of dental calculus. Normalized DNA yield for triplicate extracts of (A) DO2 and 
UP2, and (B) DO10 and UP10, ordered by individual from oldest to most recent. 
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bacteria from the phyla Firmicutes, Actinobacteria, Proteobacteria, and 
Bacteroidetes (Warinner et al., 2014b), which accords with the known 
composition of dental plaque biofilms today (Dewhirst et al., 2010). The 
DNA sequences obtained from dental calculus in this study are over-
whelmingly bacterial in origin (Data S2), and these four phyla account 
for 83.5% of the identified bacterial species (excluding RUV001). Dental 
calculus from the poorly preserved individual RUV001 contains 
considerably more identified species (641 � 19 species) than the other 
individuals (181 � 25 species), which is consistent with RUV001 being a 
highly degraded sample infiltrated by diverse environmental taxa 
(Fig. 4A). There are no significant differences in the number of species 
identified between the different extraction protocols or starting weights, 
nor in the proportions of the four most abundant phyla (pW-BH, p > 0.05 
in all cases). For the 20 most abundant species, the majority of which 
were oral species, no significant taxonomic differences were identified 
between the extraction protocols (pW-BH, p > 0.05 in all cases); rather 
taxonomic differences are primarily driven by individual (Fig. 4B). 
A principal component analysis on genus level read counts shows no 
systematic shifts by extraction protocol or starting weight (Fig. 4C). The 
samples cluster by individual (PERMANOVA, p < 0.001), and the genera 
separating the samples are mostly environmental. This indicates that the 
main drivers of separation are bacteria from the burial environment. 
When the poorly preserved individual (RUV001) is added to the PCA 
(Fig. S1), it is separated from the other individuals along PC1, which also 
separates oral from environmental genera as the major loadings, indi-
cating that this individual has a distinct microbial composition 
compared to the well-preserved samples. 
3.1.4. Contamination 
Contamination is a major issue for studies of ancient biomolecules, 
and laboratory procedures can influence contamination levels (Key 
et al., 2017; Salter et al., 2014; Warinner et al., 2017). We therefore 
assessed whether the choice of extraction protocol affects the level of 
estimated contamination observed for the samples. Using the R-package 
decontam (Davis et al., 2018), a total of 154 species were identified as 
putative contaminants (Data S3). Of these, the majority belong to Bac-
teria (n ¼ 95) and Animalia (n ¼ 33). Excluding RUV001, the proportion 
of putative contaminants averaged 0.05 � 0.03%, ranging from 0.01% 
to 0.13% of total reads per extract (Fig. S2), and did not significantly 
differ between extraction protocols or starting weights (pW-BH, p >
0.05). Contamination in the poorly preserved individual, RUV001, was 
>100-fold higher (9.39 � 0.36%) than in the other samples, a finding 
consistent with previous analysis of calculus from this site (Ziesemer 
et al., 2015). 
3.2. Proteomic analysis 
3.2.1. Protein recovery 
To evaluate UP performance, we compared total protein recovery 
between the PO and UP protocols (Fig. 5; Data S1). The best fitting 
model to predict protein recovery was found to be an interaction be-
tween starting weight and protocol (p < 0.001). When normalized for 
input weight, UP2 extractions yielded 2.0 � 0.3 fold more protein than 
UP10 extractions, and PO2 extractions yielded 3.2 � 0.4 fold more 
protein than PO10 extractions (although in both cases absolute recovery 
was higher for 10 mg extractions). This pattern suggests that the FASP 
protocol used in this study may be limiting protein recovery efficiency at 
higher amounts of starting material. For the 2 mg extractions PO2 
yielded 1.3 � 0.1 fold more proteins than UP2, whereas for the 10 mg 
extractions the opposite pattern was observed, where UP10 yielded 1.3 
� 0.1 fold more proteins than PO10. The increase in normalized protein 
recovery through UP10 over PO10 may also be caused by the limitation 
of the amount of input material in FASP, as UP10 has a lower amount of 
input material (90% of the supernatant is excluded from the protein 
extraction). However, FASP is known to have relatively low consistency 
between technical replicates (Sielaff et al., 2017), and this variation may 
have influenced our results. In addition, protein concentration mea-
surement may be less accurate at lower protein inputs. Further work is 
needed to determine whether FASP is indeed more efficient with lower 
input amounts of dental calculus, and to what degree other factors may 
be contributing to our observed pattern. 
3.2.2. Protein characteristics 
In the UP, only 10% of the supernatant is reserved for protein 
extraction. Hydrophilic proteins, which we expect to be mainly present 
in the supernatant, could thereby be lost to the DNA extraction fraction. 
Ideally, a unified protocol should not have a skewed representation of 
hydrophobic and/or hydrophilic proteins compared to a protein-only 
extraction method. To test for this potential bias, we compared the hy-
dropathy values of proteins and physicochemical properties of each 
amino acid of peptides recovered using the UP and PO protocols (Data 
S4). The mean protein hydropathy values did not significantly differ 
between the two extraction protocols (pW-BH, p > 0.05; Fig. 6A). 
However, significant differences in amino acid properties were found 
with respect to basic amino acids (Fig. 6B), which are hydrophilic. The 
proportion of basic amino acids was significantly different between 
UP10 and PO10, UP10 and PO2, UP2 and PO10, and UP2 and PO2 (pW- 
BH, p < 0.05 in all cases), with the PO protocol consistently recovering a 
higher proportion of basic amino acids. Thus, the UP may result in an 
underrepresentation of hydrophilic proteins, particularly those con-
taining basic residues. Further, the proportion of acidic amino acids 
(Fig. S3) was significantly higher in UP2 than PO10 (pW-BH, p < 0.05). 
Fig. 3. Median fragment length by GC-content for (A) L. buccalis and (B) A. oris 
show no consistent changes by choice of extraction protocol. Dashed grey line 
shows expected median GC-content of genome. 
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Finally, we tested whether the UP exhibited biases based on protein size. 
We found that the mean molecular weight of recovered proteins was not 
significantly affected by choice of extraction protocol or starting weight 
(pW-BH, p > 0.05; Fig. S4). 
3.2.3. Proteome reconstruction 
The number of identified protein clusters (Data S5) did not signifi-
cantly differ by extraction protocol or starting weight (pW-BH, p > 0.05; 
Fig. 7A). The highest number of identified protein clusters (67.5 � 9.3) 
was observed for WIG001, while the lowest (17.8 � 4.3) was observed 
for RUV001, which is consistent with the differing preservation of these 
two samples. Among the identified protein clusters, most are found in 
various cellular locations, followed by intracellular/organelle and 
extracellular proteins clusters; only a small number of membrane pro-
tein clusters were identified. The choice of extraction protocol did not 
significantly affect the proportions of these groups (pW-BH, p > 0.05 in 
all cases). Of the 20 most abundant protein clusters, most are associated 
with host defenses against microbes or bacterial cellular processes 
(Fig. 7B). This is consistent with previous findings for modern and well- 
preserved ancient dental calculus (Jersie-Christensen et al., 2018; 
Velsko et al., 2019; Warinner et al., 2014b). Although some protein 
clusters seem to differ in abundance by extraction method by visual 
inspection, statistical significance is not reached with this design, due to 
the need to correct p-values for multiple testing and for the abundances 
being dependent. 
In a principal component analysis of identified protein clusters, the 
samples were found to cluster by individual and extraction method 
(PERMANOVA, p < 0.001 for both), but not starting weight (Fig. 7C). 
The major protein cluster separating extraction protocols along PC1 is 
Elongation factor Tu (EFTU_NEIMA), which is involved in protein 
biosynthesis. It is a hydrophobic protein (hydropathy index  0.136) and 
would thereby be found at a higher proportion in the UP, where hy-
drophilic proteins are lost to the aqueous fraction. This pattern is also 
present in the abundance of this protein cluster (Fig. 7B). Adding 
RUV001 to the PCA did not considerably alter the relationships between 
the samples (Fig. S5). 
3.2.4. Contamination 
Of the total identified spectra per sample, 0.39–6.11% were assigned 
to collagen, keratin and serum albumin proteins, which were classified 
Fig. 4. Microbiome profiles are consistent between extraction protocols. (A) Number of species identified in each sample, grouped by phylum. Phyla containing <5% 
of total species are grouped under “Other”. (B) Heatmap of percentage of total assigned reads for the 20 most abundant species, with species names colored according 
to if they are oral (blue) or unassigned (green) in eHOMD. OT ¼ oral taxon. (C) PCA on genus level taxa, without individual RUV001. The top genera contributing to 
separation for each principal component as major loadings are indicated by arrows. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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as probable contaminants (Fig. S6). There was no correlation between 
contaminant spectra and extraction protocol or starting weight, neither 
overall nor in the proportions of the different contaminants (pW-BH, p >
0.05 in all cases). 
4. Discussion and conclusions 
Protocols that allow for the simultaneous extraction of different 
biomolecules, such as DNA and proteins, can reduce sampling demands 
for archaeological remains, thus supporting their long-term curation and 
preservation. For a unified protocol to be an acceptable alternative to 
simply performing two separate extractions, the unified protocol should 
recover at least 50% of the biomolecules that each individual protocol 
recovers separately. Otherwise, splitting the sample in half and per-
forming two separate extractions will have a higher overall yield. 
Further, the protocol should introduce no major biases, and contami-
nation levels should not be altered. Careful testing of protocols is 
therefore necessary to evaluate if all the above criteria are met. 
In this study, we developed a unified protocol for the simultaneous 
extraction of DNA and proteins, and compared its performance to 
separate DNA and protein extraction protocols. During the unified 
protocol, archaeological dental calculus is decalcified in EDTA, and 
different fractions of this solution are used to recover DNA and proteins, 
based on the expected solubility of these biomolecules. Because ancient 
DNA is highly fragmented, and the sugar-phosphate backbone of DNA is 
negatively charged and hydrophilic, we expect the majority of DNA 
molecules to be present in the aqueous fraction. Proteins, on the other 
hand, are biochemically complex and may be very large (e.g. collagen), 
membrane-bound, or otherwise have reduced solubility in their native 
(non-denatured) state. Consequently, we expect them to mostly pellet 
out of solution during centrifugation of the decalcified sample. Some 
proteins are, however, highly hydrophilic, and therefore we included a 
portion (10%) of the aqueous fraction in our protein extraction. 
Following this initial partitioning of DNA into the aqueous supernatant 
and proteins into the pellet (plus a small portion of the supernatant), we 
proceeded to isolate each biomolecule using optimized methods. 
Overall, we found that a significant amount of DNA (mean 43%) is 
lost in the unified protocol, presumably to the pellet, and the effect is 
greatest for well-preserved samples. One possible explanation for this 
pattern is that proteinase K is not added to the sample until after the 
fractions have been separated in the unified protocol, and a substantial 
portion of DNA may be bound to insoluble proteins or trapped within 
Fig. 5. Protein yield differs by starting material mass and extraction method. Protein yield normalized by sample mass for triplicate extracts of (A) PO2 and UP2, and 
(B) PO10 and UP10, ordered by individual from oldest to most recent. 
Fig. 6. Protein hydropathy is unaffected by extraction protocol, but basic 
amino acids may be lost in UP. (A) Hydropathy index of identified proteins. (B) 
Proportion of basic amino acids among recovered peptides, with significant 
pairwise tests indicated by brackets (*p < 0.05; **p < 0.01; ***p < 0.001). 
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cellular structures that are pelleted during centrifugation. In the DNA- 
only protocol, the entire sample is exposed to proteinase K, which 
breaks up proteins and cellular membranes, thereby facilitating greater 
DNA release. Unfortunately, this is not a problem that is easily over-
come. Proteinase K cannot be added to the entire sample in the unified 
protocol, as this enzyme produces peptides too small for successful 
analysis using LC-MS/MS. On the other hand, using an alternative 
enzyme compatible with LC-MS/MS, such as trypsin, is not feasible due 
to the risk of its autodigestion when left active for an extended period of 
time, such as during calculus decalcification; such autodigestion can 
result in off-target cleavages performed by the enzyme, which reduces 
downstream protein identifications. Trypsin digestion during decalcifi-
cation would also preclude the use of FASP for protein extraction, as this 
protocol relies on size exclusion to remove EDTA and other lysis com-
ponents that would interfere with downstream analysis. For protein 
extractions, acids can be used in place of EDTA for decalcification, which 
may assist with pellet digestion, but even weak acids can cause DNA to 
undergo hydrolysis and depurination, thus making acids unsuitable for 
genetic analysis. 
Although the unified protocol does lead to reduced DNA recovery, it 
is still more efficient than performing two separate biomolecular ex-
tractions. In addition, the DNA losses are mitigated by the fact that the 
starting amount of DNA within archaeological dental calculus is typi-
cally very high (however see Austin et al. (2019) for exceptions). For 
example, in a study of paired dental calculus and dentine samples, Mann 
et al. (2018) reported a median DNA recovery from calculus of 72.1 
ng/mg compared to 4.8 ng/mg for dentin. However, given the signifi-
cantly reduced DNA recovery through the unified protocol, it is advis-
able to keep some material aside for a potential future DNA-only 
extraction, especially in cases where preservation status is unknown. 
Beyond reducing DNA recovery, we found that the unified protocol does 
not affect downstream genetic analyses or change the amount of iden-
tified contaminants. Although we sequenced only one of the three 
extraction replicates, thereby reducing our statistical power, the results 
are consistent over multiple individuals, and thus appear generalizable. 
Protein recovery using the unified protocol was significantly 
different from the protein-only protocol, but recovery was only 
decreased by 20.6% on average for the 2 mg extractions, confirming that 
the majority of proteins are present in the initial cell debris pellet. For 
the 10 mg extractions, on the other hand, protein recovery was sur-
prisingly increased (mean 25.3%) through the unified protocol. Equally 
unexpectedly, protein recovery (normalized by weight of input mate-
rial) was found to be higher when using 2 mg of starting material than 
when using 10 mg, a trend that was not reflected in DNA extractions. 
This suggests that the version of the FASP protocol used for protein 
purification may be limiting protein yield at higher amounts of input 
material. This also explains the increase in recovery through the unified 
protocol when using 10 mg starting material, as the amount of input 
Fig. 7. Choice of extraction protocol does not induce major biases in proteome reconstruction. (A) Number of identified protein clusters per extraction protocol, 
colored by GO cellular location. (B) Percentage of spectra assigned to the top 20 most abundant protein clusters per sample. (C) PCA of protein clusters without 
RUV001, where the top protein clusters contributing to separation along each principal component as major loadings are indicated by arrows. Protein cluster names 
in (B) and (C) are colored according to: Blue ¼ prokaryotes, green ¼ eukaryotes. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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material is lower in the unified protocol (where only 10% of the su-
pernatant is used for protein extraction) than in the protein-only pro-
tocol. However, it is not clear from our results what the limiting factor in 
the FASP protocol could be, and overall, we observed a high variance in 
protein recovery. FASP has a relatively high variability between tech-
nical replicates (Sielaff et al., 2017), which may cause the variance in 
our results. Further, spectrophotometric measurements of peptide bonds 
at 215 nm absorbance can have a high error rate if other organic com-
pounds have not been sufficiently removed, which is possible here given 
the complex nature of dental calculus and the variety of chemicals used 
in FASP. Aside from protein recovery, there were no observable differ-
ences in downstream analyses between the two starting material 
weights. 
In addition to the difference in protein recovery between the pro-
tocols, a significantly lower proportion of basic amino acids among 
downstream identified peptides was observed through the unified pro-
tocol, suggesting that the unified protocol may have a slight bias against 
hydrophilic proteins. The bias is likely minor, as no difference in overall 
hydropathy of proteins was observed. However, if a specific, hydrophilic 
protein is the target of a research study, further testing is recommended 
before implementing the unified protocol. 
Although most dental calculus samples in this study exhibited good 
biomolecular preservation, the 19th century Rupert’s Valley dental 
calculus was known to be poorly preserved, and it performed differently 
than the other samples in most analyses. It was previously reported to 
have poor DNA preservation and high contamination by environmental 
bacteria (Ziesemer et al., 2015), which we likewise observed in our 
genetic analyses. However, our protein analyses did not show high levels 
of environmental bacteria. Instead, fewer protein clusters were identi-
fied than in other samples, likely due to a lack of sufficient representa-
tion of environmental bacteria in the protein database. It is therefore 
important to note that choice of database may affect assessment of 
sample preservation. 
Moving forward, it may be possible to combine the unified protocol 
with palaeoethnobotanical and other microparticle analyses. Recently, 
it was shown that microparticle recovery from dental calculus following 
EDTA decalcification is both possible and more successful compared to 
conventional decalcification using HCl (Tromp et al., 2017). During the 
unified protocol, a visible pellet of insoluble cell debris often remains 
after DNA and protein extraction, and recovery of microparticles may be 
possible, especially for phytoliths, which are not damaged by the heat-
ing step during protein extraction. Extending the unified protocol to also 
incorporate microremains will further broaden the range of information 
that can be obtained from a single sample of dental calculus, while 
further decreasing destructive demands on this valuable archaeological 
resource. 
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